We investigated the transcriptional responses of Pseudomonas aeruginosa under phosphate-deficient (0.2 mM) conditions compared to phosphate sufficiency (1 mM). This elicited enormous transcriptional changes in genes related to phosphate acquisition, quorum sensing, chemotaxis, toxin secretion, and regulation. This dysregulation also led to increased virulence-associated phenotypes, including swarming motility and cytotoxicity.
A characteristic trait of Pseudomonas aeruginosa is its high versatility, enabling this Gram-negative microbe to colonize a wide range of habitats such as soil, water, plants, and animals (25) . It is the third most common nosocomial pathogen, causing serious opportunistic infections in elderly, immunocompromised, and injured individuals as well as chronic infections in the lungs of cystic fibrosis (CF) patients (18, 26) . It has a tremendous capacity to adapt to diverse circumstances, and various conditions, including biofilm, quorum, or swarming lifestyles, exposure to subinhibitory antibiotics, and nutritional deprivation, lead to very large changes in gene expression and altered virulence and/or antibiotic resistance (3, 6, 12, 22, 23) . To adapt efficiently to the changes in its surroundings, Pseudomonas has evolved sophisticated regulatory networks, and almost 10% of all genes in the P. aeruginosa genome encode proteins with a regulatory function (29) .
Phosphate is essential for all living organisms, participating in critical biochemical processes, being an essential component of the energy dynamics of cells and a component of nucleic acids, phospholipids in membranes, and other biomolecules. Therefore, the ability to withstand conditions of phosphate starvation, making use of the available phosphate, is of great importance for cell survival. Consequently, microorganisms possess complex regulatory pathways for the control of the mechanisms involved in sensing phosphate availability as well as phosphate uptake and utilization. Furthermore, these networks usually overlap central metabolic routes because of the importance of phosphate in cellular physiology. Among Gram-negative bacteria, the best-characterized phosphate regulon is that of Escherichia coli, in which a two-component regulatory system, PhoBR, gets activated under phosphate-limiting conditions and binds to a conserved sequence (Pho-box) in the promoters of its target genes, inducing or repressing their expression (13) . These genes include those encoding systems for high-affinity uptake of inorganic phosphate as well as acquisition of phosphate from alternative sources such as phosphonates and organic phosphate. P. aeruginosa also possesses homologs to PhoBR (1, 7) . Significantly, phosphate limitation in Pseudomonas alters the production of quorum-sensing signals (15) and, consequently, it might have an impact on virulence and social behaviors such as biofilm formation and swarming motility. Indeed, Haddad et al. (10) related the expression of the Pho regulon to biofilm formation and the type III secretion system in P. aeruginosa.
The phosphate deprivation regulon is involved in influencing virulence traits in various microorganisms (2, 31, 27, 28, 30) . Long et al. (17) showed that phosphate depletion is commonly observed after surgery and related this to an increase in the virulence of P. aeruginosa. This relationship was confirmed in vivo, as the growth of P. aeruginosa in a low-phosphate medium resulted in enhanced killing of Caenorhabditis elegans due to overexpression of the Pseudomonas quinolone signal (PQS) quorum-sensing signal and the iron chelator pyoverdin (33) . Recently, two independent studies showed an upregulation of the genes involved in phosphate uptake in P. aeruginosa upon contact with differentiated human epithelial cells (4, 8) , indicating that environmental cues other than low phosphate might induce expression of these genes inside the host. Thus, a better understanding of the phosphate regulon in P. aeruginosa and its correlation with virulence properties would help clarify its potential role in infections.
As a wild-type strain, the sequenced P. aeruginosa PAO1 strain H103 was routinely grown in Luria-Bertani (LB) broth or agar. Defined-phosphate, HEPES-based minimal medium was prepared as described previously (11) . To identify the genes dysregulated during phosphate starvation, microarray analysis was performed on bacteria grown under phosphate-sufficient (1 mM phosphate) or phosphate-deficient (0.2 mM) conditions at 37°C with shaking (250 rpm) to an optical density at 600 nm (OD 600 ) ϳ 0.5. Cells from these cultures were harvested, and total RNA was isolated with an RNeasy Midi RNA isolation kit (Qiagen), processed as described previously (19) , and hybridized to P. aeruginosa PAO1 DNA microarray epoxy-coated slides from the J. Craig Venter Institute, Pathogen Functional Genomics Resource Center (http://pfgrc.jcvi.org/index.php/microarray.html). Results were analyzed using ArrayPipe (version 1.7). The four biological replicates were averaged to obtain overall changes for the samples grown under low-phosphate compared to phosphate-sufficient conditions. A two-sided one-sample Student's t test was used to determine statistical significance, and changes of 2-fold or greater with a P value of Յ0.05 were used as the cutoffs for reporting expression changes. The microarray data are available at MIAMExpress (see below). These microarrays revealed a highly complex transcriptional response to phosphate-deficient growth conditions, with a total of 842 dysregulated genes, of which 495 were upregulated and 347 were downregulated (Table 1; see also Table S1 in the supplemental material for the full list). Critically, several of these genes were previously identified in our screening for promoters induced under low-phosphate conditions (16) . There was a global upregulation of the genes involved in sensing the extracellular concentration of inorganic phosphate as well as in phosphate acquisition and utilization. Among these genes, we found the operon encoding the conserved two-component system PhoRB and the highaffinity phosphate transport system pstSCAB-phoU operon as well as gene locus PA0688, which has high homology to pstS. Similarly, expression of phosphate-specific porins OprP and OprO was induced under low-phosphate conditions, as was that of the phosphodiesterases glpQ and gene locus PA2352, the putative phosphate transporter PA0450, the alkaline phosphatase-encoding phoA gene, and the genes involved in the utilization of phosphonates (gene loci PA3372 to PA3384). The microarray data also revealed the upregulation of an operon encoding an extracellular DNase and an alkaline phosphatase (PA3909 and PA3910) that can provide Pseudomonas with phosphate and nitrogen from DNA (21) . The expression of genes involved in the production of phospholipases, such as plcB, plcH, and plcN, which can lyse the phospholipids in eukaryotic membranes, was also enhanced during phosphate deprivation; presumably to enable phosphate acquisition in the host from organic sources, although phospholipases might additionally play a role in membrane remodeling, as reported for other microorganisms (34) .
Another group of gene loci significantly dysregulated in response to phosphate depletion comprised those involved in chemotactic responses (PA0173 to PA0179, PA1423, PA1456, PA1930, PA2561, PA2573, PA2788, PA2920, PA4290, PA4844, and PA4915). Of particular significance were the phosphate-specific chemoreceptors CtpL (PA2561) and CtpH (PA4844) identified by Wu et al. (32) as necessary for chemotaxis with different concentrations of phosphate.
A total of 45 genes, including rpoS, fis, gbdR, and algR, that were dysregulated under low-phosphate conditions encoded products with a regulatory function. Other known regulators observed in the microarray were those that participate in quorum-sensing signaling, including mvfR, pvdS, and rhlR, reinforcing the concept that the phosphate regulon and the quorum-sensing network are tightly interconnected. Indeed, we observed dysregulation by (20, 24) . Overall, there was also significant overlap of our results with the microarray analysis of Zaborin et al. (33) , who compared cells in the complete absence of phosphate to cells with phosphate.
Before attempting other phenotypical assays, we compared the levels of growth of P. aeruginosa in the minimal medium with 0.2 mM and 1 mM phosphate in order to determine if there was a significant growth defect under the former conditions. Our results showed, however, that growth was not significantly affected under phosphate-deficient conditions (Fig. 1) .
We observed a significant upregulation of many genes related to quorum sensing and motility and thus tested the P. aeruginosa swarming phenotype using various concentrations of phosphate. Swarming motility assays revealed an intriguing bimodal response to the concentration of phosphate in P. aeruginosa. As the level of phosphate in the swarming medium decreased from high (33 mM; the normal concentration in BM2 minimal medium) to sufficient (1 mM), there was a clear reduction in the size of the swarming colonies ( Fig. 2A) , perhaps due in part to the reduction in the growth rate as the availability of phosphate decreased. However, as the concentration dropped further toward deficient levels (0.2 mM), swarming motility gradually increased again ( Fig. 2A) . Based on the microarray data, it seems likely that the increase in swarming motility under phosphate-deficient conditions was related to the upregulation of quorum-sensing genes and the subsequent increased production of rhamnolipids that is essential for swarming motility (5) . In fact, genes involved in synthesis of rhamnolipids, such as rhlA, rhlB, and rhlC, were also significantly induced under these conditions (Table 1) .
To show that this was related to regulatory events, we examined the swarming ability of mutants with mutations in the major regulators that respond to low phosphate, namely, phoB and phoR, which were taken from the University of Washington mutant library (14) . Both strains showed a complete loss of swarming motility when grown on plates with a low (0.2 mM) concentration of phosphate (Fig. 2B) , indicating that the PhoBR two-component system is necessary to promote swarming under low-phosphate conditions.
In addition to the effects on motility, we evaluated the impact of phosphate concentration on the cytotoxicity of P. aeruginosa. Cells from the wild-type strain or phoB or phoR mutants were grown in medium with low (0.2 mM) or sufficient (1 mM) phosphate prior to interaction with the human bronchial epithelial cell line 16HBE14o-at a multiplicity of infection of 50, as described previously (9) . At 6 h postinfection, the percentage of cell lysis was determined. Two-fold-greater cytotoxicity, determined by increased release of lactate dehydrogenase, was observed for strain H103 grown in a low-phosphate medium before the infection compared to that of cells grown under phosphate-sufficient conditions (Fig. 3) . Comparison of the cytotoxicities of the phoB and phoR regulatory mutants showed a clear reduction under both phosphate-sufficient and -deficient conditions. The phoR mutant had the greatest effect on cytotoxicity under phosphate-limiting conditions, but under phosphate-sufficient conditions, both regulatory mutants demonstrated no cytotoxicity at 6 h. A major candidate for the proteins responsible for altered cytotoxicity would be the phosphate-inducible hemolysins.
In conclusion, these results demonstrate how the opportunistic pathogen P. aeruginosa adapts to even moderate reductions in inorganic phosphate supply by modulating global gene expression. Indeed, phosphate deprivation led to a remarkably intricate transcriptional response that affected genes involved in a wide range of cellular functions, including virulence properties such as swarming and cytotoxicity. The induction of cytotoxicity under adverse conditions would appear to be directed at the acquisition of phosphate from affected cells.
Microarray data accession number. The microarray data determined in this work are available under MIAMExpress accession number E-MTAB-1170.
